Continuous measurement of fumarole temperatures may be an effective means of monitoring local mass flow on volcanoes. At Volcfin Colima, average temperatures changed by less than 100øC during the 1-year sampling period. During and immediately following effusive activity, changes in degassing were abrupt and inconsistent along the length of the fracture. Following this period, temperatures decreased gradually, and there was a higher degree of correlation between fumaroles. The method described here represents a substantial improvement over traditional fumarole-monitoring techniques because subtle variation can be quickly identified using standard statistical techniques, and the method provides regular information about thermal activity on a volcano, minimizing the hazards normally associated with the collection of these data on a regular basis.
ficulty is compounded by the numerous factors that can influence fumarole temperature. These factors include variation in mass flow through the fumarole conduit; conduit geometry; mixing with meteoric water vapor or air; variation in the temperature of the gas at its source due to, for example, cooling and crystallization; and variation in the depth to the magma. Second, fumarole temperatures have, in the past, been monitored at infrequent intervals because of the hazards and logistical difficulties inherent in the collection of these data. Particularly in times of volcanic crisis, fumarole temperature data usually cannot be collected using traditional sampling methods. Sampling at these times, however, is most relevant to hazard mitigation efforts. These problems have prevented quantitative interpretation of fumarole temperature variation. In contrast, the continuous collection and correlation of other geophysical variables has greatly aided monitoring activities and the understanding of volcano structure and dynamics [Swanson et al., 1983 ; Wright and Swanson, 1987] . For example, seismic energy release has been monitored remotely and continuously and has proven to be of importance in volcano monitoring [e.g. • Minikami, 1974; . Closely spaced electronic tiltmeters, also monitored continuously, have been of considerable utility in forecasting dome eruptions from Mount St. Helens [e.g., Chadwick et al., 1988] .
In this study, temperatures in five fumaroles were monitored continuously on the summit dome of Volcfin Colima, an active composite volcano in western Mexico (Figure 1 (Figure 1) . Because of effusion of new dome lavas, deformation, and widespread and intense degassing, much of the summit dome, including areas previously monitored, was inaccessible during the period of this study.
METHODS AND RESULTS

Automated Fumarole-Monitoring Method
Traditionally, fumarole temperature data have been collected manually, using digital thermocouples. Given the hostility of the volcanic environment, fumaroles are generally monitored for a few minutes at a time at most, and measurements are rarely repeated at less than daily intervals. In this study an automated fumarole-monitoting system was installed on the eastern tim of the summit dome on lost from the gas depends on the temperature of the wall rock, the length and geometry of the fumarole conduit, and the velocity with which gas is flowing [White, 1988; Stevenson, 1992] . In a steady state, gas will lose heat at a rate high enough to maintain a thermal boundary layer within which rock temperatures will be elevated. As a result, gas temperature decreases in a nonlinear fashion as gas rises from depth. Numerical models for temperature distribution in hot spring conduits have been discussed in detail by Sorey [1978] and where !x is the viscosity of the gas at its mean flow temperature and Ixw is the viscosity of the gas calculated at the wall temperature, and Pr is the Prandtl number. This equation applies in the fully turbulent region (Re > 4000). In transitional flow (2200 < Re < 4000) the Dittus-Boelter equation does not strictly apply, and some instability in the numerical solutions results. The average heat transfer coefficient, a measure of the proporation of heat available from the gas to be conducted into the wall rock, is then given by [White, 1988] Nu . c h = •
Dh where c is the thermal conductivity of the gas, which is a function of gas temperature. The gas temperature at the exit of a short segment of fracture can be expressed in terms of the gas temperature at the entrance of the segment Ten, the average wall temperature along the length of the short segment Tw, the mass flow rate m, the gas heat capacity cp, the heat transfer coefficient h, the perimeter of the cross-sectional area of the conduit P, and conduit segment length 
The average gas temperature within the conduit is Tavg = exp tln (Tex) + ln (Ten) )
'
A problem arises because the thermodynamic properties of the gas vary significantly as a function of temperature. Therefore an iterative solution is required to calculate the exit gas temperature Tex. This is done by first assuming that Tex is the average of Ten and Tw, then calculating the thermodynamic properties of the gas using the average gas temperature Tavg (equation (10) Using equations (1)-(10), the gas temperature can be estimated along the conduit, provided the wall rock temperature is known. However, the wall rock temperature changes because the gas loses heat to the wall rock, and wall rock temperatures must be recalculated taking into account heat lost from the gas. In the steady state, It will take an additional 17 days for the system to reach equilibrium. Daily variation, however, is much too rapid for the system to reach equilibrium. For example, rearranging equation (13), in 1 hour the rock temperature increases by 10% at a distance of only 14 cm from the fracture wall. Due to the low thermal diffusivity of rocks, rock very close to the fracture will heat in response to an increase in gas temperature much faster than this heat can be conducted away. The converse is also true; in response to a decrease in gas temperature, rock near the fracture will cool faster than heat can be conducted into the region from the surrounding rock. This has the net effect of making fumarole temperatures more sensitive to rapid, transient changes in mass flow than implied by the steady state model because the volume of rock heated, or cooled, is much smaller. Rapid changes in mass flow will induce larger changes in fumarole temperature than predicted by the steady state model. Nonetheless, because the heat transfer coefficient does not depend on the conductivity of the wall rock (equation (5) [ 1986] suggested that atmospheric pumping causes changes in gas flux along fault lines and that gas flux best correlates with rate of change in atmospheric pressure. Sato et al. [ 1986] noted that natural variation in H2 flux along the Calaveras fault, California, is diurnal, but phase changes occur from site to site. The nearly continuous diurnal variation in fumarole temperature in five fumaroles and the inverse correlation between temperature and atmospheric pressure indicate that small changes in pressure result in changes in mass flow through the conduit. Stevenson [ 1992] has pointed out that nearly all gas expansion should take place immediately above the magma and that very little expansion of gas will take place in the fumarole conduit as the gas rises. This theoretical result is supported by observations at Colima. A pressure change of a few millibars at the surface can only substantially effect flow if the total change in pressure along the length of the conduit is small. This makes sense in a high-temperature, low-viscosity, low-mass-flow, forced convection system. The numerical model developed here does not account for several factors which, at least in some circumstances, likely affect temperature. Convection of fluids in the surrounding rock [e.g., Sorey, 1978] and nearby fumaroles [Stevenson, 1992] likely affects the local geothermal gradient considerably, with a corresponding effect on fumarole temperature. This factor has only been considered indirectly, by altering the local geothermal gradient. Mixing with shallowly circulating meteoric vapor and air has not been considered either. However, the lack of seasonal variation in temperature, or substantial change during periods of unusually high rainfall ( Figure  6 ), indicate that direct near-surface mixing has little impact on temperature in these fumaroles. Either the meteoric component in the gas is small, or, more likely, the meteoric component is deeply circulating and, as a result, is unaffected by seasonal changes in rainfall or air temperature. Other factors, including fracture roughness and interconnectedness, have not been considered even though they likely influence the properties of flow in fumaroles. Clearly, without accounting for these factors, the model does not absolutely quantify the behavior of the system; it merely illustrates the dependence of fumarole temperature on mass flow. The fact that factors such as fracture roughness remained constant during the sampling period, but fumarole temperatures varied significantly, supports the conclusion that mass flow exerts a strong influence on fumarole temperature.
Fumarole Temperature Monitoring
Certainly, the sampling methods introduced here alleviate many of the problems associated with the interpretation of fumarole temperature measurements. In practice, the method provides a direct measure of thermal activity on Volc/in Colima, while minimizing 3. At Volcfin Colima fumarole temperatures vary in response to small changes in atmospheric pressure. The nature of this variation is enhanced in low-temperature fumaroles. Changes in degassing occurred from fumaroles along the Arreola fi'acture between May 1991 and May 1992. During and immediately following effusive activity, changes in degassing were abrupt and inconsistent along the length of the fracture. Following this period, temperatures decreased gradually, and there was a higher degree of correlation between fumaroles, indicating that degassing was more uniform along the length of the fracture.
